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INTRODUCTION

The absorption of solar ultraviolet radiation by molecular
oxygen is of fundamental importance in the atmosphere because it
provides a mechanism for energy transfer in the atmosphere and,
because of photodissociation of the oxygen molecule, it supplies the
atomic oxygen that is crucial in the photochemical processes by which
ozone is produced. Calculation of the rate of production of atomic
oxygen as a function of altitude in the atmosphere involves detailed
modelling of the complex photoabsorption process of molecular
oxygen. Such an absorption model 1is also needed for the
determination of molecular oxygen densities from absorption
measurements in the atmosphere, and for the interpretation of
measurements of airglow, aurora and other radiation that is observed
through the oxygen of the atmosphere.

This project has involved measurements in the wavelength
reqion from 140 nm to 200 nm. The features of the oxygen
photoabsorption spectrum in this region are the Schumann-Runge
dissociation continuum and the predissociated Schumann-Runge band
system. There have been numerous studies of this spectrum, but
advances in atmospheric sciences have demanded more detailed data.
The emphasis of the work reported here is on an improved
understanding of the fundamental absorption processes as a basis for
detailed modelling of atmospheric absorption of solar ultraviolet

radiation.

METHODS
laboratory measurements of photoabsorption have been made
using the University of Adelaide 6.65 m vacuum |ultraviolet

monochromator and a range of absorption cells with lengths varying
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from 1 cm to 1 m. The temperature of the sample gas was varied over
the range 100K to 600K. In addition to the laboratory work,
theoretical calculations were made in which the Schroedinger equation
for a vibrating-rotating molecule was solved and quantities such as
the absorption cross-section, absorption-line oscillator strength and
predissociation line width were computed. An important feature of
the work was the combination of laboratory measurement and
theoretical calculation to obtain new information about the

absorption processes.

RESULTS
The work may be divided into three parts : a study of the
Schumann-Runge continuum region, a study of the Schumann-Runge bands,
and the modelling of atmospheric absorption processes. Detailed
accounts of the work are contained in the Appendix where copies of

published papers that resulted from the project are reproduced.

Schumann-Runge continuum

Measurements of the temperature dependence of the photo-
absorption cross-section between 140 nm and 175 nm were compared with
theoretical calculations and new data about the transition moment for
the Schumann-Runge transition and the upper state potential curve
were obtained. The details of this work are given in part A of the
Appendix.

The temperature dependence data were applied to a re-
analysis of atmospheric absorption measurements to extract the
atmospheric oxygen density profile. The effects of temperature

dependence in the analysis are described in part B of the Appendix.

At wavelengths larger than 175 nm a highly temperature

O TCOw TS T




dependence component of the Schumann-Runge continuum underlies the
band system. Measurements and calculations of this continuum are

given in part C of the Appendix.

Schumann~Runge bands
Oscillator strengths and predissociation 1line~widths for
absorption lines in the band system were measured using a curve-of-

growth method. The results are given in part D of the Appendix.

Atmospheric absorption
All of the data obtained during the project has contributed
to an improved model for calculation of photoabsorption by oxygen in
the atmosphere. An example of the application of that model is given
in part E of the Appendix to illustrate the accuracy with which the

model reproduces the details of the absorption spectrum.

CONCLUSION
The work carried out during this project has produced new
laboratory data, and by combining them with theoretical calculations

of photo-absorption by molecular oxygen an improved model of the

absorption processes has been obtained. This model can be used to

compute dissociation rates for oxygen in the atmosphere and
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atmospheric transmittance spectra that can be used in the analysis of
either high resolution or broad band observations of ultra-vioclet

radiation that is transmitted through the atmosphere.
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TEMPERATURE DEPENDENCE IN THE
SCHUMANN-RUNGE PHOTOABSORPTION
CONTINUUM OF OXYGEN

S. T Gwson, H. P. F. Gies, A. J. BLake, D. G. McCov, and P. ). RoGERs
Department of Physics. Unisersity of Adelade. Adclaide. South Ausiralis 3001, Auciraha

{Reccived 9 March 1983)

Abstract—The photoabsarplion cross section in the Schumann-Runge continuum of oxyvgen has becen
measured with high precision over the wavelength region 140174 nm at temperatures in the range 295-$74 K.
Mode!t lor the upper stale potential and the electronic transition moment were used in the calculation of the
crose section and its temperature dependence. By comparing this theoretical cross section with measured
values. curves for the upper siate potential and the 1ransition mament in the continuum region have been
oblained independently for the first time.

INTRODUCTION

The photoabsorption cross section for the Schumann-Runge system of molecular oxygen,
corresponding to the transition X’ - BT, has its maximum strength in the dissociation
continuum which extends from the limit of the band system at 175.05 10 about 125nm.
Atmospheric absorption of solar radiation in this wavelength region is important because it
provides the main source of oxvgen atoms in the lower thermosphere and because measur-
ments of atmospheric photoabsorption in this wavelength region can be used to determine the
molecular oxygen density profile in the 100-200 km altitude segion.

Measurements of the photoabsorption cross section in the Schumann-Runge continuum at
room lemperature have been made by many investigators.”* Hudson' has made a critical
review of these measurements. Evans and Schexnayder® have made a theoretical investigation
of the temperature dependence of the cross section and presented measurements made at very
high temperatures which are mainly of astrophysical interest. Measurements of the cross
section at temperatures of 300, 600, and 900K have been reported by Hudson ¢f al."' but these
were limited to wavelengths greater than 160 nm at 600K and 173 nm at 900K. Carver ¢ al."
and Weeks'™ have referred to the effects of temperature dependence on determinaiions of
atmospheric oxygen densities using photoabsorption measurements in the Schumann-Runge
continuum. A re-analysis of atmospheric absorption data based on measurements of the
temperature dependence of the cross section (Lean and Blake') has shown that the derived
densities are smaller by as much as 20% than those obtained using the room temperature cross
section.

The purpose of this paper is to report new measurements of temperature dependence in the
Schumann-Runge continuum and to demonstrate that considerable insight into the shape of the
upper state potential and the electronic moment for this transition can be obtained {rom a
careful analysis of the data. These are the first measurements to be reported that make such an
analysis possible.

EXPERIMENTAL MEASUREMENTS

Absorption measurements were made with gas samples at temperatures in the range 295 to
575K. Measurements were made using a 3 cm absorption cell which was electrically heated to
temperatures up to 600 K. The cell was machined from an aluminium block and was fitted with
flanged lithium fluoride windows. Thermocouples were used to monitor the cell temperature and
to contral a servo system which stabilised the cell at a constant temperature. This cell is
illustrated in Fig. 1, where radiation baffling, which minimised radiation losses, has becn
omitted. The gas pressure was maintained at a constant value by a servo controlled needie
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Fig 1. The construction of the high temperature absorplion cell. A radiation shield which surrounds the celt
is oot shown.

valve using the output from a capacilance manometer. Measurements were made at a resolution
better than 0.01 nm using a 6.7 m monochromator equipped with a hydrogen discharge lamp.
The incident and transmitied beams were monitored simultaneously and the relative sensitivity
of the 1wo delectors was checked before each run by evacuating the absorption cell. This
experimental arrangement has already been discussed."™.

The measured values of the cross section as a function of temperature at wavelengths of 149
and 165 nm that are shown in Fig. 2 illusirate the temperature-dependent behaviour of the cross
section. Jt can be seen that both positive and negative temperature dependence occur at
different wavelengths. The temperature dependence was determined throughout the wavelength
range 140-174 nm by making measurements at temperatures of 300 and 575K. The measured
cross sections are listed in Table 1, and the temperature cocflicient, defined as 100 (04—
300/ o0, 15 shown in Fig. 3.

In determining the temperature dependence of the cross section, considerable care was
taken to ensure that the relative cross sections were measured with high accuracy. Thus, while
the values shown in Table 1 may have systematic errors as large as 5% due 1o uncertainties in
the cell length and pressure-gauge calibration, the effect of the systematic errors is greatly
reduced when calculating the temperature dependence of the cross section. The random error is
typically 0.2%, arising mainly from photon-counting statistics and small wavelength drifts in the
monochromator. This high precision is needed 1o ensure that accurate values are obtained for
the change in the cross section with temperature. The statistical error was reduced to a small
value by counting for an adequate time, and the effects of wavelength drift were reduced by
making frequent checks of the wavelength using emission lines in the lamp spectrum as a
reference. Beér's law behaviour of the cross seclion was tested by making measurements at a
series of pressures and the cross sections listed are the result of many individual measurements.

THEORY
The source of the temperature dependence in the cross section and its relationship with
fundamental molecular parameters can be understood from a simplified argument in which the
rotational structure of the molecule is ignored. In this approximation, the absorption cross
section for molecules in the vibrational state v is"

- 3
0. 40) = [#13eshcg™A)) | j ¥ ANR(NY e dr| ()

where g°= (2~ 8,,-)(25 + 1) is the statistical weight of the initial state, §,. is the normalised
initial state vibrational wave function, ¢, is the normalised final state continuum wave function,
R, is the electronic transition moment, A is the wavelength of the absorbed radiation for the
transition 1o a final state of energy E, and r is the internuclear distance. The wavefunctions are
found by solving the Schrodinger equation using the potential Velr) for the corresponding
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Fig. 2. The temperature dependence of the cross section in the Schumann-Runge continuum at

wavelengths of (a) 165 1 nm and (b) 148 87 nm_The points are from experimental measurements and the

curve was calculated using models for the molecular potentials and transiion moment. The positive
coefficient eviden!t at temperatures bess than 30K 10 both curves is 3 rolational eflect

electronic state of the molecule. At temperature T, the total absorption cross section is™

ar) = (Fone o) /(T eenr), @

where G, is the initial state vibrational excitation encrgy.
Neither the {orm of the upper state potential curve in the region above the dissociation limit
nor the form of the 1ransition moment are well known. Allison et al.™ have calculaled curves
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for oq. oy, and o, by making plausible assumptions about the potential and the transition moment
such that g, was a goad fit to *he measured cross section at room temperature.

It is clear that mezsurement of the total cross section at a single lemperature cannot yield
information which would enable independent determination of the upper state polential and
transition moment. Aicasureqenls of the temperature dependence of the cross section can be used
to provide this additional information in the following way.

FATA For temperatures up to 600K, only the two lowest vibrational levels have a significant
“_.:,f_-l population and Eq. (2) can be truncated to give
E A
"::"' or(A) = (oq+ 0y e " T)(1 +e7 M), (3)
iy
o The cross section measurements at 300 and 600K listed in Table 1 can then be used to solve for
~ values of oo and o).
f:«{ It can be shown from Eq. (3) that the temperature dependence of the cross section in this
:'_C*n temperature range depends mainly on the ratio a,/a,. Since the electronic transition moment R,
o in Eq. (1) is expected to vary slowly with r, this ratio will depend only weakly on the form of
,,‘_'_:_: R, However, in general o,/o, depends on the form of the upper state potential curve, and

calculation of the temperature dependence of the cross section at any wavelength in the
continuum is most sensitive 1o the position of the potential curve at an energy near the energy
of the final state. A comparison of calculations made, using Eqs (1) and (2), with measurements
of the temperature dependence as a function of wavelength would aliow assumptions about the
form of the potential curve to be tested. The assumed form for the electronic tranaition moment
can be tested by comparing the measured and calculated curves for the total cross secnions at a
particular temperature. In this way, measurements of the cross sechien and 1t temperature
derendence in the continuum allow otherwise naccessible information shout the potential
curve and the transiion moment 1o he obianed
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Fig. 3. The 1emperature cocfficient of the Schumann-Runge continuum crose section The cunes were
calculated using models for the molecular potentials and transition moment In one curve. the rotational
structure of the molecuke has been ignored.

The preceding discussion was simplified by ignoring the rotational structure of the molecule
which, in fact, has a very significant effect on the calculation of the cross section through the
centriguga! term, which must be added to the molecular potential, and through restructuring of
the Boltzmann factors for the initial state population. For a molecule in a state with rotational
quantum number N, the potential is®

V(r) = Vo(r)+ N(N + Dh*2uR?, 4

where V, is the potential for no rotation and p is the reduced mass of the molecule. The
vibrational wavefunction must be calculated for each rotational state, and Eq. (1) is replaced by

onen-AX) = [ GeohcgA)] | ] Ure-d IR relr) dr] )

If N is the initial state rotational quantum number, then transitions will occur to states in
which the dissociating molecule has quantum numbers N’= N"%1, the two values of N’
corresponding to slightly different final state potentials. An excellent approximation is obtained
by assuming that N’ = N* for all transitions and then the total cross section is given by

or=[Z T N+ De S o )| /[S F aN s nee o]

where Fy-.- and G,- are the initial state rotational and vibrational excitation energies, respec-
tively, and o-.- is the cross section given by Eq. (5) with N'= N*.
The possibility that states other than B’Z; contribute to the absorption continuum in this
- region has been considered by several authbrs. Cartwright et al.™ on the basis of electron
encrgy-loss spectra, suggested that absorption to ’TI, and M1, states is significant near 143 and
166 nm, respectively. Measurements of the quantum yield for 0('D) production by photoab-
sorption™ show no evidence of [ continua in this region and calculations of the ‘T, continuum™
indicate that the cross section is negligible for wavelengths longer than 140 nm. In this work, it has
been assumed that absorption to ’n states is insignificant, and Eq. (6) was used to calculate the
temperature dependent cross section.

T o G A S g
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CALCULATIONS

Numerical solutions to the Schrodinger equation for the vibrational wavefunction were
obtained using the Numerov integration method.™ ™ The potentials for no rotation were devised
in the following way. For the ground state, an RKR potential was calculated using the
spectroscopic constants of Creek and Nicholls.” Following the method of Jarmain.™ the
polential for the upper state was composed of three parts: for the lower part an RKR polential
was calculated. and for the remaining repulsive and attraclive parts, Morse potentials were
used. Thus. the upper state potential in the energy region of the continuum was represented by
a Morse potential,t the parameters of which were adjusted during the procedure to optimise the
agreement between the calculated and measured quantities.

The procedure adopted in optimising the models for the upper state potential and the
transition moment in the continuum was as follows. Initial calculations were made with Eq. (5),
using an approximate model for the transition moment. The upper state potential curve was
adjusted until the agreement between the measured and the calculated temperature dependence
of the cross section was optimised. Then the transition moment was adjusted until agreement
between the measured and calculated cross section at a particular temperature was optimised.
Calculations made using widely different forms for the transition moment for given potential
curves were found to produce very similar results for the temperature dependences of the cross
section, but these results were very sensitive to changes in the potential curve used for the
upper state. For this reason, determination of the upper state potential from the measured
temperature dependence is possible. Because the new transition moment gave a calculated
temperature dependence only slightly different from the previous result, repetition of the
procedure vielded self-consistent results for the potential and transition moment in one or two
cycles.

The results of these calculations are contained in Fig. 3, where the measured and calculated
temperature dependence for the temperature interval 300-575K are shown. The solid curve in
Fig. 4 is the final transition moment and some points on the potential that was used are listed in

Table 2.

*The actual potential used in the calculations included a plateau due 10 non-crossing of potential curves ™ ° lis effects
on the lemperature dependence of the cross-section in the wavelength region considered in the present paper are small
The shorter wavelength region will be discussed in o future paper.
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‘o Table 2 Sume points on the repubive pant of 1he potential curve for the B'S. state of O with no rotation that
N ::. wete ued 10 the caloulanons The potentals are given relative 1o the value at the cquilibnium scpatation 7o
?:: rA Volf) = ¥ lr ). ¥
b
f:.::O 1.0%0 ) 482
¥, 1.100 373
v 1.1% 2.954
1.178 2.90%
Ly 1.18% 2.902
(; 1.190 2.892
~\4-_" 1.193 2.786
g 1.200 2.688
\)' 1.22% 2238
oy 1.2% 1.8%0
s 1.300 1232
Ko 1.350 6.1y
1.400 0.ASS
“vu "
g
8,
Y
A
N DISCUSSION
X - . ..
' Ab initio calculations of the transition moment have been made by Buenker et al.,”
e Yoshimine et al.,* and Julienne et al.."' however, the only previously reported determinations
) :- with which these results can be compared are those derived from oscillator-strength measure-
i . . . -
A ments in the band system. The transition moment is related to the band oscillator strength f,..-
] 19
P by
s :
A L) = -
fo-= (87 mcl(3he’g ™)) U ¥.-R,(r)¢, dr| . (10)
0
- L]
s
-\.f: Approximate values for the transition moment can be obtained from experimental measure-
;:-f:. ments of band oscillator strengths through the r-centroid approximation.' The poiuts shown in
o Fig. 4 were obtained from measurements of oscillator strengths in the Schumann-Runge bands
and Franck-Condon factors that were computed using the potential curves adopted in this
4 CY work. The possibility that a significant error may have been introduced through the use of the
e r-centroid approximation was checked by making a calculation for the (¢'-0) bands using Eq.
-:{-: (10) with an extended model for the transition moment it was found that the error introduced by
- - I3 . . - .
_-.‘:,,, the r-centroid approximation is very small (<2%). The reason for the accuracy of the r-centroid
-\." approximation in this case is that the integrand in Eq. (10) corresponds to the overlapping

exponential tails of the vibrational wavefunctions and has a significant value over only a small
" range of r. In other cases, the criterion r’/r* = 1 was used as an indication that the error in the

DV r-centroid approximation was small.’? The scatter in the points shown in Fig. 4 is therefore a
5"_,"- result of experimental error.

":'; The effects of rotation on the calculation of the cross section are of two kinds. One is due to
:c‘ the rotational dependence of on-,-, and this leads to temperature effects in the cross section

) which are significant compared to the measured temperature dependence. The variation of the
“ curves for oy With rotational number have been discussed previously..” This effect means that

o~ calculations such as those of Allison et al.,” which omil rotation, are inadequate for analysis of the

o temperature dependence of the absorption cross section. This is made clear by the curve in Fig. 3,

- A - . - -
ot which shows the result of calculating the temperature dependence of the cross section without
R including the rotational structure of the molecule.

The other effect is a redistribution of the population among vibrational states compared to
. that calculated in the absence of rotation. This is a very small eflect because there is very little
Aty vaniation of the rotational constant with ¢, so that
n:':-;
\i 2(2N'+ e Fr T,
o

. which appears in Eq. (6) is, 10 2 good approximation, independent of t°.

:'-Z Calculations of the total cross section as a function of temperature can be made at any ‘
“p, :
% |
RN 11 |
o
o
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wavclength in the range 140-175nm using Eq (6) with the potential of Table 2 and the
transition moment shown in Fig. 4. Examples of this calculation for wavelengths of 149 and

165 nm are <hown in Fig. 2. The positive 1emperature cocficient evident at tempceratures less

thun 300K in both curves is a purely rotational effect. At higher temperatures, the vibrational
eflects become dominant.

Initial calculations of the temperature dependence of the cross scction indicated that the
interface between the repulsive part of the Morse potential and the bound part of the RKR
potential should be made at the energy of the v' = 14 siate. Any discontinuity in slope was
removed by smoothing and the outer part of the curve recalculated by a modified RKR method.
The resulting potential has bound state eigenvalues that agree with spectroscopic measurements
10 within 1 cm™'. Optimisation of the parameters of the Morse extension led 10 the curve for the
calculated temperature dependence of the cross section that is shown in Fig. 3 and the solid
pan of the curve for the transition moment shown in Fig. 4 for r < 1.3 A. It can be seen that
there is a small discrepancy between the calculaled and experimental temperature coefRicients
in the region from 168 10 174 nm.

This discrepancy could be eliminated by using a non-Morse extension 1o the potential. The
result was a potential curve for which the second derivative was not monotonic. Furthermore,
the Franck-Condon densities calculated with this potential had structure that led 1o compensat-
ing structure in the transition moment to give the smoothly varying total cross section.

If it is assumed that the transition moment varies slowly without such structure, then the
smooth form of the total cross section must indicate that both the transition moment and the
Franck-Condon density are without structure, and the second denvative of the potential should
be monotonic. With this constraint on the form of the potential, the optimum Morse extension
1o the potential produced a better result than any other form investigated and it was concluded
that the curves shown in Figs. 3 and 4 represent the best interpretation of the data. The small
discrepancies in Fig. 3 may be due to an unrecognised systematic error in the measurgments.

The calculation of the cross section at any wavelength is sensitive to the transition moment
over a small range of internuclear separation. For the wavelength interval 140-175 nm, the
overlap of initial and final state wavefunctions lies mainly in the range of internuclear
separation from 1.18 1o 1.3 A, corresponding to the solid part of the model for the transition
moment shown in Fig. 4. Because there is some overlap outside this range, the model was
extended to 1.1 A in the calculations, but the comparison between measured and calculated
cross sections for wavelengths greater than 140 nm is not very sensilive 1o this part of the
cusve.

The transition moment determined from the continuum measurements is consistent with the
vatues for internuclear separation close to 1.33 A obtained from measurements of the (v'-0)
trand oscillator strengths. The points shown were obtained from the data of Gies et al." The
mode! transition moment was extended 1o 1.7 A by reference to measurements of the ‘oscillator
strengths for bands corresponding to ¢” = 0. These measurements were made at high effective
temperatures using a shock tube, and there is considerable scatter in the results. The line
shown in Fig. 4 was drawn by giving greatest weight to the measurements of Kn'ndach et al™
The ab initio calculztions Buenker et al., ® Yoshimine et al., and Julienne et al.,”' are in good
agreement with the model for inter-nuclear distances grcafcr than 1.3 A. The curve adopted by
Kuz'menho et al.”® on the basis of band-strength measurements is also shown in Fig. 4. .

The small increase in the temperature coefficient of the cross-section that is apparent in Fig.
3 at wavelengths close to 140 nm is continued in data obtained at shorter wavelengths. It is
necessary to introduce a plateau in the potential to seproduce this feature in the calculated
lemperature coefficient. A decrease in the derived transibon moment for internuclear separa-
tions less than 1.22 A follows from this form of the potential. This is consistent with ab initio
calculations of Buerker ef al.™ and Yoshimine ef al.*® The decrease corresponds in the ab initio
calculations to a change in character of the upper state from valence to Rydberp type because
of 2n avoided potential crossing. The calculations of Julienne et al>' which included only the
valence state, do not show this feature.

In conclusion, we have shown that accurate measurements of conlinuum photosbsorption
cross seclions al two widely separated temperalures provided adequate information to yield
unambiguous values for the continuum part of the upper state potcntial and the dipole moment
for the transition
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Abstract. Previous determinations of molecular
oxygen nuxmber densities in the lower thermosphere
by ultraviolet extinction in the Schumann-Runge
continuun have used absorption cross sections
reasured at room temperature. Recent laboratory
ceasureczents of the temperature dependence of the
oclecular oxvgen absorption cross section in this
wavelength region allow a reassessment of the
previous atmespheric data., The new cross sections
have been used to reanalyze data from a spectro-
weter flown on an Aerobee rocket from Woomera,
Australia, The densities obtained are smaller by
as much as 20 than those obtained from the
previous analvsis, in better agreement with the
results of bread tand ion chambers flown at the
sade tise that vere relatfvely insensitive to
tezperature.

Introduction

The Schumann-Runge absorption continuum of
nclecular oxygen extends over the wavelength
region 140 to 175 nm. Solar radiation at these
wavelengths is absorbed by the atmosphere between
altitudes of 100 and 150 km, and this is the
rrimary source of 0 photodissociation in the
lower thermcsphere., Absorption spectroscopy
techniques for 0O; densityv determination are
particularly appropriate for solar radiation of
these wavelengths, since here the sbsorption cross
ceczticn of Q2 1s large and the radiation {s
prizarily absorbed by O03.

In the study of atmospheric photochemistry
{Rodble and Dickinson, 1973; Breig, 1973; Oran
and Strotel, 1976; Mivr and Harris, 1977), as
wvell as for application of absorption as a tool
for quantitative composition analysis [Ackerman et
al., 1574], it is necessary to know in deta:il how

" witere

Temperature Dependence of Molecular Oxygen
Absorption in the Schumann-Runge Continuum

The Schumann-Runge continuum corresponds to
transitions from discrete vidbrational levels of
the x’zs state of 02 to the energy region

above the dissociation limit of the B'Iu- state.

At room temperature, absorption is mainly frow
the lowest vibrational level of the ground state
v' = 0, but at higher temperatures, transitions
from excited vibration states must be considered.
This can be done, as sugg=sted by Allison et al.,

{1971}, by weighting the cross section O n for
absorption by molecules in each vibration state
v" according to its population, so that at
temperature T and wavelength A, the
absorption cross section can be expressed
analytically as

I, 10 u(}) exp( - G . he/kT )
2v"exp( - Cv"hc/kT )

o(T,}) = (1)

G is the vibrational term value
{Herzberg, 1950]. Using the first two terms of

the sumnation in (1), the Schumann-Runge
continuum cross section is

Op(X) + 0;()) exp( - 2239.29/T )

1 ¥ exp( - 2239.29/T ) )

a(T,A)

The value of 0¢(A) 1is given to a good
approximation by the expericental cross section at
room temperature, and this has been measured by
Watanabe et al., (1953], Blake et al, (1966],
Hudson et al,, [1966), and most recently at the
University of Adelaide, vith a 6-m monochrocator

the solar flux is absorbed by thercospheric
oxvgen. This involves the accurate determination
.f 0; absorption cross sections in the
laboratory under conditions representative of the
atcospheric region where the absorption occurs.

[Blake et al.,1980]. These results are compared
in Figure 1 and an average cross section is also
indicated.

Measurements of o(T,)) for temperatures in
the range 300K to 600K have been made by Hudson

5O In particular, in the region from 100 to 150 km, et al.,[1966]) and the University of Adelatde.
R the thercospheric temperature may vary over the Both sets of results are plotted in Figure 2, and
AN range 20JK to 600K, and this influences the 0, for comparison, selected average room teoperature
;'. absorption. cross sections from Figure 1 have been included.

v

Although the temperature dependence of
molecular oxvgen absorption in the Schuzann-Runge
continuur has been calculated theoretically
[Evans and Schexnavder, 196i; Jarzain and
Nicells, 1964; Allison et al.,197); Julienne
et al., 1576} there have been only two previous
expericental measurements {Evans and Schexnavder,
1963; FK.dscn et al.,1966), and the results are
not vell ferrulated for use {n aeroncmic
calculaticns,

Values of 0,;()) were obtained from the
University of Adelaide mcasurecents at 570K by
using (2) with the average room teopersture cross
sections for Cg(4) and the ¢;(3) cderived in
this wav. The results for selected vavelengths
are given in Figure 3.

Rocket Meacurerent of Atsorption {n the
Schusann-Runge Continuun

Solar flux in the vavelength region of the

Cepyright 1951 by the Arcrican Cerphysical Unfen. Schurann-Runge continuur vas reacsured at different

Farer rno-er FOALL33.
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composite payload for investigating the early
morning ionosphere. 1nitial analysis of the
s absorption profiles for 0y density derivation
-~ incorporated the room temperature cross section
measurements of Blake [Blake et al,, 1966] and has
been reported previously [Bibbo et al , 1978}, The
data has been reanalyzed with the average room
temperature cross section and by using the 20
teoperature dependent absorption cross section, in 1657 nm
order to quantify the importance of the
temperature dependence on density determination
using Schumsnn-Runge continuum wavelengths.
Monochromatic absorption profiles froa ten
narrow wavelength intervals between 165 and 175 nn
wvere used to calculate 0, densities according to

»

Art e A A

ER+]

&

>

\

oL
LA

1671 nen

I

1 dl
ath) = T T T W an Ao M

~
w

{

168 nm

A,

where F(h) 1s the optical depth factor [Weeks and
Smith, 1968), 0()A) 1s the absorption cross
section and 1(2 h) 1is the detector signal
arising fros solar radistion at wavelength 1 that
- has penetrated to height h.
The most accurate densities derive from that part 171 e
of esch absorption curve in the regiom about the
sltitude at vhich the rate of attenuation is a
maxisum, and this is different for each wavelength. Rt nm
At height h an average oxygen density vas
calculated by veighting the individual densities
according to (dI(XA, h)/dh),”' and the mean 00 %0 1o b
pex wveighted sample standard deviation was used to VEMPERATURE -«
estimate the uncertainty in this average value. Fig. 3. Semi-empirical model ot the tecperature
’ To incorporate temperature dependent dependence of the molecular oxygen absorption
[Ma® absorption cross sections in the data anslysis, (it cross section,
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1s necessary to assume a temperature profile for
the lover thermosphere. Jacchis's {Jacchia, 1977)
thersospheric model was evaluated for the
temperature profile at the time of the Aerobee
launch. This temperature profile is compared
(Figure 4) vith that of the U.S. Standard
Atmosphere, (1976) for more typicsl thermospheric
conditions.

Holecular Oxygen Densities

Oxygen densities wvere extracted from the
absorption curves by using the average room
teamperature crogs sections of Figure 1, and also
the temperature dependent cross sections calculated
by using temperature profiles (a) and (b) of Figure
4 in (2). These results are shown in Figure S,
together with the measurement made by the ion
chambers and the oxygen densities derived from
Jacchia's thermospheric composition wodel.

In general, inclusion of the temperature
dependence of the cross section leads to smaller
nunerical values for the oxygen densities. At
125 km the thermosphere is approximately at room
tecperature, and it is above this altitude that the
tecperature dependence is observed to become
ioportant. By 145 km the temperature, according to
profile (b), is 536K and the room temperature cross
sections yield densities which sre 112 higher than
those derived from temperature dependent cross
sections, At 165 km the densities are overestimated
by 231 if the temperature effect is not included.

The importance of using the temperature
dependent absorption cross sections in these
calculstions is substantiated by an observed
decrease in the weighted mean standard deviation of
the densities obtained by using absorption at
different wavelengths when the temperature effect

.
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is included. This implies that the densities
predicted individually by each of the ten
absorption curves are now in better agreement with
each other because the tempersture dependence of
the cross section varies with wavelength.

It can be seen from Figure 5 that the oxygen
densities obtained from the absorption dats are
sensitive to the differences between the
temperature profiles shown in Figure 4. At an
altitude of 145 km the temperature from profile .(s)
gives densities vhich are 5% 1less than that
obtained using profile (b), wvhile st 165 Jm the
difference has increased to 111, The Aerobee vas
launched during a period of low solar activity

(Fi9.7 = 82 x 10" wa™ *He, xp -17)
at a time (0636 hours local time) when the diurnal
variation of the thermospheric temperature vas
near its minimum. These conditions sre reflected
in the lowver teomperatures of profile (b) compared
with profile (a), wvhich represents more typicsl
conditions.

In Figure 5, the 0, densities derived from the
temperature dependent analysis are compared with
the average measurements of tvo types of broad-
band ion chambers (QT : 156-165 nm, SX : 142.5-
149 nm) flown on the Aerobee. Investigation of the
temperature effect on the QT results indicated 32
decrease in the density at 145 km (Davis, private
communication, 1980). Since the temperature
coefficient for rthe cross section at the SX chamber
vavelengths is small and negative [Blake et al.,
1980], the average density showvn in Figure S fe
relatively insensitive to temperature. At 145 km
the UV spectrometer results are 132 higher than
the ion chamber densities. Since the associated




mmmw"“w“" ——— ——— s

Ly

-

L g

e Lo

e o
[ 4

s %
)

»

e

LRy

L

- AL W~
Vﬂf.f\ﬂmﬁu \‘% \_._qui\.' ‘J*}'jfmﬂﬁiijﬁauc

214 Lean and Blake: Brief Report

uncertainty for the spectrometer results at this
altitude is 2t 151, when the error of the ion
chamber results 1s applied the results from these
two independent techniques indicate substantisl
agreerent, However, this cannot be said of the
densities derived by using room temperature cross
sections, since at 145 km they are 2927 higher
than the ion chamber results.

It must be concluded that the temperature
dependence of the molecular oxygen absorption
cross section in the Schumann-Runge continuum
should not be neglected in evaluation of .
atwospheric absorption and that it is important to
choose the most appropriste temperature profile.
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THE SCHUMANN-RUNGE CONTINUUM OF OXYGEN AT WAVELENGTHS GREATER THAN 175 NM

H. P. F. Gles,} S. T. Gibson, A. J. Blake and D. G. McCoy

Department of Physics, University of Adelaide, Adelaide,

South Australia 5001, Australis

Abstract. A highly tewmperature dependent
continuum corresponding to absorption by
therwally excited molecules underlies the higher
bands of the Schumann-Runge system of oxygen.
This continuum has been experimentally determined
at 18 wavelengths in the range 175 nm to 179 nm,
and st temperstures of 90°K and 294°K.
Calculations of the contiouum cross-section made
by solving the Schr&dinger equation for the
molecular potentials provide good agreement with
the measured values. The continuum cross-section
has been calculated at & range of temperatures
for use in studies of the atmospheric absorption
of solar radiation.

Introduction

for oxygen wmolecules with rotational or
vibrational excitation the threshold for
adbsorption in the Schumann-Runge continuum 1is st
a greater wavelength than the limit of the band
systez at 175 nm. The strength of the coantinuum
that underlies the higher bands depends on the
population of these excited states 1in the
absorbing gas and is therefore highly temperature
dependent. Because absorption of solar radfation
in the region of the Schumann-Runge bands is an
important source of oxygen atoms in the
atzosphere, there is a need to wodel accurately
the absorption process. For temperatures that
occur in the lower thermosphere, this continuum
makes a significant contribution to the
absorption cross-section 1in the region of bands
higher than (15-0) {Blake, 1979} and should be
takesn into account when  calculating the
atzospheric transzission.

Measurexzerts of the continuum cross-secticn in
this region have been reported by Hudson et sl.
[1966] and Hudsos and Mahle [1972]. Models of
the continuur for use in the calculation of
atcospheric traascission have been proposed by
Hudson a#nd Mahle [1972] and Blake [197%3]. 1In the
present paper values ©of the Schusann-Ruoge
continuua cross-section are obtained from
measurements of the total <cross-section st

absorption cinies. The continuum cross-section
is also obteined by omaking detailed calculations
of the continuw= transition strength. These

lsow at Australian Radiation Laboratory,
Yalla=die, Victoria 3085, Australia.
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calculations provide a suitable model for use in
atmospheric absorption studies.

Experimental Measurements

At wavelengths greater than the limit of the
band system the continuum cross-section cannot be
measured directly because the wings of the
predissocisted lines overlap. However, there are
some absorption minima where the contribution
from absorption lines is relatively small and the
continuum cross-section can be decermined by
measuring the total <cross-section at the
wavelength of the absorption wminimum and
subtracting the contribution from the
neighbouring absorption lines. In this work that
contribution was calculated by using measured
values for the oscillator strengths and
predissocistion widths for the absorption lines.

Measurepents of total absorption were made in
the region of 18 absorption aminims in the
vavelength region 175 nm to 179 na. A scan
through each minjoum was made by using a 6.7-m
monochromator at s resolution of 0.006 na and a
l-co absorption cell that could be cooled with
cryogenic liquids. Details of the appsratus and
the experimental mwmethod have been described
previously ([GCies et al., 1981). Absorption
weasurements were made st texperatures of 90°K
and 294°K.

The band system contribution to the cross-
section at each wvavelength wss calculated by
computing the Voigt profile for each_absorpiion
line with  center  within 100 cm ! of the
absorption wminisunm. Oscillator strengths and
predissocistion widths for the lines were
obtained from measurements that have been
reported separately ([Cies et al., 1981]. The
computed transmission spectrum in the region of
the absorption wminimum was convoluted with the
instrumental profile, and comparison of this
computed absorption profile with the wmeasured
profile ensbled the continuun cross-section to be
determined. Table 1 shows the calculated band
systen contribution to the cross-section at the
vavelengths of the absorption aminima, sad the
continuum values obtained by subtracting these

from the wmeasured total cross-section. The
continuum cross-section values are shown |in
Figure 1.

The errors quoted for values of the continuw
cross-section were obtained by combining the
experimental error in determining the total
absorption <cross-section with the error {io
calculating the contribution from absorption
lines. Total cross-sections were measured vith
an error of about 3X arising from factors such as
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Table 1. Calculated Cross-Section for the Band System and derived
Continuum Cross-Section at Temperatures of 90°K and 294°K.
T = 90°K T = 294°K
Wavelength Bands Continuum Bands Continuum
175.48 6.5 23.0 * 1.9 3.6 113.5 ¢ 2.1
175.55 - he 3.8 119.3 ¢+ 8.0
175.63 9.8 34.2 ¢+ 0.9 4.9 111.5 ¢ 4.6
175.71 7.4 18.4 £ 5.6 5.1 76.6 £ 2.1
175.83 4.5 14.2 ¢ 1.1 6.3 55.7 & 2.4
175.96 29.9 6.0 £ 2.6 15.6 39.6 ¢ 2.6
176.05 8.6 1.3 + 1.7 7.2 46.8 + 2.2
176.16 2.3 7.5 2 1.2 2.8 36.1 £ 1.4
176.23 4.8 6.8 % 1.1 7.7 37.1 ¢ 1.4
176 .27 2.6 1.5 + 2.4 3.7 37.4 + 1.4
176.53 - - 11.7 27.8 ¢ 1.4
176.56 - - 7.3 27.5 ¢+ 2.4
176.61 4.6 5.1 %+ 1.8 6.1 30.2 ¢ 3.5
176.80 - - 2.6 17.7 £ 1.3
177.02 4.3 5.0 1.9 10.9 25.5 ¢ 3.3
178.92 - - 0.9 3.7 £ 1.2
178.95 - - 1.0 3.8 £ 2.0
179.02 - - 0.7 3.8+ 1.2

All values are in units of 102! cm?.

gas pressure, gas temperature, cell length and
beam intensity. Errors in computing the line
vings arise from uncertainty in the values of the
line position, line strength, and predissociation
vidth for those lipes thst wmake a sigrificant
contribution.

Calculation of Continuum Cross-Sections

An expression for the coantinuum absorption
cross-section for wolcules i1n a particular
vibrational level has been given by Jarmain and
Nicholls [1964]}. With the inclusion of rotation,
the equation for the absorption cross-section of
oxygen wolecules initially in [ ] state
characterised by the rotstional quantum nusber N~
and vibrational quantum number v~ becomes

Omy-(M)=[®/(3cgheg™1))

V] ey () R (r) ¥y ()dr 12 m
[}

19

~w P P LT IS P I I S
y LS PP N M
Tt AV NI

vhere g~ = (2-8,55-) (2S+1) {s the statistical
wveight of the initial state, ¥y-y- and Yy-) are
the normalized initial and final state
vibrational wave functions for the rotating
molecule, R, {s the electronic transition mooent,
and t i{s the internuclear distance.

Vibrational wvavefunctions were found by
solving the Schrddinger equatfon by using the
poteantial for a rotating molecule givean by
{Herzberg, 1950]

V(r) = V (1) + N7 (N"41) 42/2ur? (2)

vhere V, s the potential for no rotation and
is the reduced mass of the molecule.

In waking calculations of ox-v- » the
potential V  for the X317 and B3I; states of
oxygen and the transition were those detercined
in a study of the Schumann-Runge continuux at
vavelengths less then 174 nz (S.T. Gibson et al.,
unpublished wmsnuscript, 1982). These curves
reproduce the Schumann-Runge continuum cross-

¥y
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Fig. 1. Schurann-Runge continuum cross-section.
Values derived from experimental

measurements:
(open circles). The solid lines are the model
cross-section at temperatures of 90°K and 294°K.

section and {ts tewmperature
wavelengths in the range 140 na to 175 nm. Some
exazples of ox-y~(X) for v"=0, shown in Figure
2, 1llustrate the change {n the form of these
curves with K-,

The total continuum cross-section at any
wavelength ) and texzperatute T was computed by
suz=ing over all 1initial states that contribute
to the continuum, weighting each cross-section by
the population of the initia]l state {a the
absorbing gas using the equation

dependence at

I I (2N"4)) cN.'v_(A) exp[-EN-.v-/kT]

v™=0 N~
aT(A) - , S
L L (28741) exp[-E.. ./kt]
vTe0 N7 ’
(3)
where Ex- - is the energy of the initial state

of the molecule and N° 1s sunmed over all values
that give a threshold for continuous absorption
at 8 wavelength greater than 2 Cross-sections
corresponding to tecperatures of 90°K and 294°K
are shown in Figure 1 where they can be compared

€5
WAVELINGTH 1nm)
Fig. 2. Calculated Schuzann-Runge continuum

cross-secifong for oolecules in the fnitial states
with vied) gad N1, 13, 25 and S51.

* the wmethod

294°K,(solid circles), and 90°K
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with the values obtained from measurement. The
wodel was used to calculate the cross-section for
a range of temperatures between 100°K and
600°K. These curves are shown in Figure 3.

Discuss{on

The model cross-section is & detailed one, a-d
comparison with measurements provides a test of
used in the calculation and the
wolecular parameters on which it {s based.
Thresholds corresponding to each initial state
from which significant absorptions occurs can be
seen in the curves of Figures 1 and 3. For large
N" these thresholds occur at slightly shorzer
wavelengths thas the values given by the
dissociation limit for the B3L] state because of
the effect of the centrifugal barrier in the
potential for a rotating molecule. At  some
thresholds the calculatfons indicate resonance
effects in the cross-section due to the potential

barrier, but 1t 1s unlikely that these effects
could be observed, and they are not shown in the
figures. The threshold cross-section {s also

seen to decrease with increasing N. This is
because the intergrand of (1) corresponds to the
overlap of decaying ‘'tails' of wvibrational
wavefunctions, and the effect of the rotetional
term in (2) is to modify the potentials so that
this overlap is reduced. It is partly for this
reason that the present cross-section departs
from the exponential forzs assumed by Hudson and
Mahle [1972].

Figure 1 shows that the cozputed cross-section
is in general agreement wi{th the values deduced

from measurements, although the number of
cessurements {§ not enough to demonstrate the
step-like structure. In some cases there are
significant discrepancies between the model and

the points derived from expericental data. These
discrepancies arise fromz an error 1{in the
calculated contribution of absorptions lines to
the oeasured total cross-section when weak lines
that are perturbed or uraccounted for occur near
the sbsorption minious ‘eing measured [Gies et
al., 1981). It should be expected that these
discrepancies would be zost significant at low
tecperatures, probably eccounting for the points
at 90°K being consistently higher than the wmodel

——————————
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big. 3. Model Schumaann-Runge cross~sections for
tezperatures between 10G°h and 600°K. Also shown
are measurements of Hudson et al. (600°K (soltd
circles), and 300°K (oren circles)); and potints
from the model of Kudscz and Mahle (300°K (open
squares) 200K° (solld squares)).
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cross~section. Measurements at many sbsorption
minima were discarded because of this difficulty.

Results of wmeasurements made at temperatures
300°K and 600°K by Hudson et al. [1966] are shown
in Figure 3. No allowance was made 1in their
seasurewents for the overlapping wings of
absorption lines. Also shown are some points
fros the model of Hudson and Mahle [1972). There
are significant discrepancies in cases vhere the
mode' of Hudson and Mahle {s not directly relasted
to measurements.

Calculations of the solar spectrum transmitted
to any sltitude in the atwosphere are complex in
the region of the Schumann—-Runge bands and are
usually made by computing the absorption due to
every spectral line in the system [e.g., Blake,
1979; Kockarts, 1976; Frederick and Hudson,
1980]. Continuum absorption in the region must
also be accounted for, and the curves of Figure 3
prouvide sdequate data for the detailed
calculation of adbsorption in the Schumann-Runge
continuum in that wavelength region for any model
atomosphere. An algoritha that reproduces the
cross-section st any temperature can be obtained
from the asuthors.

The Schumann-Runge continuum is of particular
significance for ataospheric photochemistry
because it results in dissociation with one atom
in the "D state. In the region discussed in this
paper the continuum component of the total cross-
section also corresponds to O( D) formation, and
the continuum strength could be measured directly
tn an experiment of the type conducted by lee et
al. [1977]).
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:'i' Abstract—Eaperimental osciliator strengths and predissociation linewidths have been derived from equivalent
. width measurements at room temperature for the (11-8) to (15-0) Schumann-Runge bands of molecular
o oxygen. and at low temperature for the (15-0) to {19-0) bands, using the Adelaide 6 m vacuum ultraviolet
monochromator operated at a resolution of 0.006 am. Photometric methods were used (o measure the
ultraviolet absorption for 40 groups of rotational lines, and the resulting data were interpreted using a curve of
i growth type of analysis to give oscillator strengths and pre-dissociation linewidins. The vanation of the
I‘ ) oscillator strengths with N° within each band was found to agree well with the theoretical predictions of
e Allison. while the mean band oscillator strengths derived from the results are in good agreement with previous
‘e measurements. The results demonstrate the need {or accurate data sbout multiplet line splittir.gs. A revised
‘.\.-_j analysis of previous data {or the (7-0) to (14-0) bands is also presented.
R INTRODUCTION
At . . . .
8- The absorption of ultraviolet light in the Schumann-Runge band system of molecular oxygen
:‘_.-'_ (B’X.-X’%}) has been studied extensively. Oscillator strengths of the various bands have been

measured optically and can also be inferred from electron impact studies. These results were
discussed fully by Lewis e al. who presented new photoelectrically determined oscillator
strengths for the (¢v'-0) bands with ' =6~ 14" and v'=2-5.2 Their high resolution work
includes the first experimental measurements of the variation of band oscillator strength with
N~. Previous theoretical work by Allison’ had predicted this rotational variation, which has
) significance in the atmospheric absorption problem, as noted by Fang ef al*

- The broadening of rotational lines in the Schumann-Runge bands due 1o predissociation of

“
U the B'I; state has been observed by several experimenters. Theoretical discussions of the
. broadening have been compared with the measured linewidths by Lewis ef al? A modification
o of the predissociation model of Julienne® fits the data extremely well. Frederick and Hudson®
‘.'-j have reported values of the linewidth for individual rotational lines which vary significantly
'.C within a band. Lewis er al” after careful statistical analysis of their data, conclude that any
e vanation of linewidth within a band must be considerably smaller than that reported by
A Frederick and Hudson
o This paper, a continuation of the work reported by Lewis ef al., presents high resolution :
a photoelecine osciliator strength and predissociation linewidth measurements for a selection of
e lines in the (15-0) 1o (180) Schumann-Runge bands of molecular oxygen, and new measure-
) .: ments in the bands (11-0) to (14-0)
1, -\'
L EXPERIMENTAL METHOD
- A «chematic dagram of the expenimental apparatuc with a 1 cm absorption cell that can be
.- caoled to low temperatures 1< given is Fig 1 The experimental method has been described in
:".:: detatl eslewhere ' Background continuum radiation (175-200nm) provided by a thyratron
L triggered hydrogen discharge was dispersed by the Adelaide 6 m monochromator and monitored
_-;:- by a gated photomultipher detection system before entering and after leaving the windowed

absorplion cell Typical expenimental wavelength re<olution was 0006 nm The pressure of
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Fig. \. A schematic diagram of the experimental arrangement, showing the double-walled absorption cell.
which was cooled with a cryogenic liquid. The length of the absorption path is determined by a spacer,

i
detector

‘.. o which separates the lithium fluoride windows.
‘;’ oxygen in the absorption cell was servo-controlled and ranged from [ to 300 torr for the lines
', . ,’ studied in this work.
:'. In normal operation, after the absorption line of interest had been located, wavelength scans
were performed both with the cell evacuated, and with the cell filled to a suitable pressure with
K v. oxygen. Measurements were normally made at two widely differing pressures in order to aliow
o the determination of both oscillator strength and linewidth.! However, some line groups,
:':-;: containing a mix of strong lines from neighbouring bands, were measured at several pressures,
vyl so that the contributions of these interfering lines could be more accurately evaluated.
o The spectrum of the Schumann-Runge bands for o’ > 14 is made complicated by pertur-
bations and crowding of the lines. When making measurements of lines with N° < I3, spectrum
’:;:." complexity was reduced by cooling the absorption cell (T ~ 90 K), thus reducing the strengths
&:f:l of many lines of higher rotational quantum number from higher bands allowing individual
:;:g. groups of lines to be accurately measured. To measure a variation of oscillator strength with
o5ty rotational number, lines of higher N* must be measured. High rotational number lines were
Ay selected at positions in neighbouring bands where the lines happened to fall clear of inter-
ference and the measurements were made at room temperature.
& :".r
] ..:-: ANALYSIS OF DATA
::‘-.» The rotational absorption lines in the Schumann-Runge system exhibit a combination of
0 :*3 both Doppler and Lorentz lineshapes. corresponding to thermal and predissociation broadening
A, processes® A mixing parameter a. which is the ratio of Lorentz to Doppler widths is used 1o
characterise the line. From measurements of the line equivalent width at different pressures,
N : both a and another dimensionless quantity P'X (Penner’)t can be found from a svnthesised
s curve of growth.! The band oscillator strength f(N*, ¢’) obtained from measurement of a line
”"1‘{.:: with rotational number N” and centre at wavelength A,(nm) is":
N A
"L fIN®, ©) = 15T x 107 T*?P' XI(PlAoa$) (1)
:{::i ) where T(K) is the temperature of the absorbing gas, P(torr) is the gas pressure, l(cm) is the
kv 0 absorbing path length, a is the weighted Boltzmann factor for the ground state rotational level
‘:.I:::l piving rise 1o the line of interest. and § is the correctly normalised Honl-London factor for the
:-:' ' line. Theoretical calculation of f(N*. t') involves evaluation of the integral:
el
DO f Uen-ANR (N G,-p-dr )
e
RACA
::k *P" is the true absorption coefficient at the centre of the equisalent Doppler tine. and X 13 2 measure of shsorhing path
' R:‘.l. 23 [
e
L] _1:_"
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o where ¢,-»- and ¥, - are the initial and final state vibrational wavefunctions, R, is the electronic
- transition moment and r is the internuciear distance. If the integrand were independent of

rotation, then the value obtained for the band oscillator strength would be the same for all lines
in the band. However, the presence of the centrifugal term in the potential for a rotating

l‘.‘_: molecule leads to rotationally dependent wavefunctions in Eq. (2). The f(N*, ¢') will in general
o have a rotational dependence which will be seen when Eq. (1) is applied to expenmental
'.R absorption data. )
O In this work, initial line centre wavelengths were taken from Brix and Herzberg' and
Ackerman and Biaumé," and weighted Boltzmann factors a were calculated from the X3,
N energy levels of Veseth and Lofthus.' Intermediate case (a-b) coupling Hénl-London factors
S were necessary for the lines nearer the band heads for the bands with v’z 15, otherwise case
_:-::f (b) Honl-London factors were adequate. For the higher bands the separation of the P and R
s branches increases rapidly with N”, and this allowed 1solated P or R branch triplets 1o be
. :-'. measured. In a few cases individual triplet components could be examined. At the same time,
however, the higher bands increasingly tend to run together, and interference by strong lines
"N from neighbouring bands i1s pronounced. All absorption processes which make any significant
N contribution over the wavelength range associated with an experimental scan must be taken
"'5; into account in the construction of a curve of growth. Absorption may be due 10 neighbouring
s lines or to underlying continua. The single line analysis technique remains valid as long as the
~‘: single line wavelength dependent absorption coefficient is replaced by the sum of the absorption
- coefficients for all the significant lines of interest in the scanned region.' Hence a knowledge of
T precise line positions and relative strengths is required for an accurate curve of growth to be
:,.‘ constructed. Weak lines within the scan range were taken into account by explicitly adding
L. these lines to the absorption model. and the contributions of strong lines outside the scan range
:}'_' were included by calculating an effective cross-section over the scan range. These strong lines
< contribute significantly to the absorption because of the Lorentz component of their wings, but

uncertainty in the assumed parameters results in only second order esrors in the synthesised
equivalent width. In calculating the equivalent width the wavelengths of the lines making a
major contribution were taken from Brix and Herzberg and Ackerman and Biaumé."
s Wavelengths of all other lines were calculated from the spectroscopic constants given by

:;-::: Bergeman and Wofsy.'" and their linewidths were taken from Hudson and Mahle "
-y In the region of the higher hands a temperature dependent Schumann-Runge continvum.
; corresponding to population of the rotational levels of the X*I; state. underlies the absorption
Py lines. Absorption coefficients were measured at numerous positions between rotational lines,
e where other contributions were small, and a model fitted to ther results.’* This model was then

_:\:: used 1o give values of absorption coefficient for the continuum.

‘- All the above factors were combined into a computer programme, which generated the
e values of the oscillator strength and predissociation hinewidth for a reference line in the group
of lines which was scanned. by a convergent ilerative process using approximate mitial values.
- The programme also produced a convolution of the instrumental profile and the theoreucal
_-.'-:: absorption profile for comparison with the experimental output data. When the calculated and

- measured absorption profiles were in agreement for all pressures, the analysis was assumed to

- be rehiable

. The higher bands contain perturbed hines, only a few of which have been tentatively
identified by Brix and Herzberg.'® Recause these lines are of undefined sirength, or because

e some weak hines may not have been measured, the synthesised equivalent width may be

- unreliable. Agreement between the synthesised and experimentally observed absorption profiles

was used as an indication that the error introduced by unidentified lines was small

.
TR

-
P

- In bands higher than (15-0) the line positions calculated using the molecular constants were
oftern in error because of perturbations?®. and agreement between the svathesised and eperi-

. mental absorption profiles was in some cases improved by making adjustments to the

j:,:: wavelengths of major hines for which no measured wavelength was available.

:-::- In many cases the wavelengths of individual triplet components have not been observed. so

._: that the sphiting of these lines 1s unhnown. The equivalent width for a pair of Imes s insensitive

o
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width at half maximum).

I 1o the line separation either when the separation is very small or very large compared with the
L line_widt‘h.. but for intermediate cases, the equivalent width is very sensitive to these parameters.
s This critical dependence on triplet splitting arises in the (13-0) and (14-0) bands. Brix and

Herzberg' were unable to give triplet splittings for lines with N*<9 in these bands.

Calculations using the spectroscopic constants of Bergeman and Wofsy" give splittings of

¢ order of 0.001-0.002 nm. compared with the linewidths of about 0.0007 nm. Since the reliability

',:..- of these calculated splittings was unknown, previous results' were analysed on the assumption

- that the PP, and R,-R, splittings were zero. New, but preliminary, measurements of the

X :; (14-0) band by Yoshino ef al'® resolved some of these lines and they report splittings

e significantly smaller than those calculated with the s ctroscopic constants. Use of these data
) . - pe . .

. bad the effect of decreasing the derived oscillator strengths for lines with low N*, while those

g for large N™ remaincd unchanged. The line splitting data for the (14-0) band is summarised in
::}. Fig. 2.

2

o

:; RESULTS
" (i) Oscillator strengths
. The measured values of P and R branch oscillator strengths are presented in Table 1. In all !

(o except a few cases P and R branch lines were measured independently. For those cases where
, : unresolved P(N”), R(N® +2) groups were studied. the analysis was made using the ratio of the

:: P and R branch oscillator strengths calculated by Allison.’ There is good agreement between

-,: the calculated P/R oscillator strength ratio and the measured value when independent

h measurements could be made. 25
.l
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~ Bt 4

v

’”‘:»: Table 1. Band oscillator strengths f(N”, ¢*) for the (7-0) to (19-0) bands: (a) P-branch, (b) R-branch. The

‘\.'_ bracketed values in Table 1(b) are calculated from measured P-branch oscillator strengths using the rato
“ﬁ of strengths R/P. Values for the bands (7-0) 10 (10-0) were obtained by corvecting previous daw. lsolated

NN line measurements for the (20-0) and (21-0) are also included. Values marked * are also adopled as mean

band oscillator strengths.
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Experimentally determined oscillator strengths and linewdths 5

New measurements of oscillator strengths for the (11-0) to (14-0) bands made in the present
work showed discrepancies with values previously reported’ which were made with a different
apparatus. The discrepancies which remained after differences in the assumptions about line
splittings had been taken into account were found to be due to an unexpected pressure
gradient in the apparatus previously used, which particularly affected the measurement of low
pressures. Careful recalibration allowed a reanalysis of the previous data, and the oscillator
strengths and linewidths obtained are in good agreement with those obtained from the new
measurements.

Figures 3 and 4 show a comparison of the experimentally measured oscillator strengths for
the (11-0) and (15-0) bands with those predicted by Allison.” Except for lines near the band origin,
the band oscillator strengths calculated by Allison can be represented by an expression of the form:

fIN", 0) = () = B(tIN"(N"+1) 3
where f, is the band oscillator strength for no rotation and g gives the rotational dependence.

Evaluation of the integral in Eq. (2) using wavefunctions obtained from the potential for a
rotating molecule made during the present work support the form of this rotational dependence.

} The work

cee- Allison?

l (11-0) BAND

208

FALRAE

n -

por] 0 300 3¢ 500 600

NN

Fig 3. The band oscillator strength f{N", £') vs N*(N” + 1) for the (11-0) band P-branch. The dashed line is
the theoretical prediction of Allison®.
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Fig 4 The band osciliator strength fIN®, ©7) vs N°(N*+ 1) for the (15-0) band R-branch, compared with
the predictions of Allison® (dashed line).
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Values of f, and 8 for the bands (5-0) to (17-0) have been calculated by least squares fitting of
Eq. (3) to the experimental results of Table 1. These values, together with those obtained from
the calculations of Allison, are presented in Table 2. The results are in good agreement, and
confirm the general tendency for 8 to increase with increasing t’. This can be seen in Fig. S,
. where Bifo(n") is plotted as a function of v'. It would appear from these results that the
: centrifugal term in the potential, the parameters of which are fixed by the molecular constants,
adequately accounts for the rotational dependence of the band oscillator strength.
. The present band oscillator strengths obtained {rom individual lines can be compared with
band strengths obtained by previous workers who used a low resolution technique 1o measure
band absorption provided that explicit account is taken of the temperature dependence of those
measurements. Their results represent a weighted mean of the band oscillator strengths
obtained from individual rotational lines. By weighting each f(N”, v') with the appropriate
Boltzmann factor this mean band oscillator strength can be calculated for any temperature.
Table 3 and Fig. 6 present mean band oscillator strengths obtained from the data in Table | for
a temperature of 300 K for comparison with the results of Ditchburn and Heddle," Bethke,'
Hudson and Mahle ' Heubner '* and Frederick and Hudson® which extend as far as the (17-0)
band, and with the theoretical predictions of Allison.?
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Fig S The rate of change of oscillator steength with rotation (8'fl ¢ N as 2 function of the +ibranona)
number r'. The line represents the theoretical predictions of Allison'' (ad P-branch (h) R-%-anch
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significant departures from the present results. Values obtained by adjusting the paramelters’ of
the model used by Julienne shown in Fig. 7 are in good agreement. Also shown in Fig. 7 are
linewidths obtained from calculations® of Franck-Condon factors for predissociation made
using an independent model for the potential curves. The measured widths were fitted by
treating the electronic matrix element, the positions of the repulsive potential curves and their
slopes as parameters. No previous measurements have been reported for the hinewidths of
bands higher than (16-0).

CONCLUSIONS

The present work completes a detailed study of the Schumann-Runge bands between (2-0)
and (19-0). Comparisons of the variation of the band oscillator strength with rotational number,
and of the linewidth with vibrational number, with recent theoretical work, indicate that the
absorption processes are well understood, and that these results can be used to accurately
model the atmospheric absorption of solar radiation.

Further study of the bands with v'<2 and v'> 18 is needed, and each region presents
particular difficulties. The lower bands are very weak and the lines are predominantly Doppler
broadened so that the presence of predissociation cannot be inferred from observations of the
lineshape. The higher bands feature crowding of the lines and strong perturbations which make
interpretation of the absorption data difficult.
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TRANSMI TTANCE OF THE ATMOSPHERE IN THE (8-0) AND (9-0Q) SCHUMANN-RUNGE BANDS OF OXYCEN
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Abstract. Dissociation rate constants fo1
absorption by atmospheric oxygen in the Schumann-
Ruoge bands are usually calculated by saking line
by line <calculations of the absorption cross
section. The accuracy of the cross sections used
in these calculations needs to be tested against
experimental data. A transzittance spectrum
computed by using a detailed oodel cross section
{s cocpared with a spectrum recorded in the
ateosphere and another recorded in the
laboratory. It is concluded that details of the
atzospheric absorption spectrum can be reproduced
vith excellent accuracy by the computed cross
section.

Introduction

Absorption of solar ultraviolet radiation by
oxygea in the region of the predissociated
Schuzann-Runge bands {s an {cportant source of
ato=ic cxygen 1in the stratosphere and lower
ther-osphere [Hudson and Carter, 1969), but
precise calculations of the solar spectrum
transzitted to sny altitude are zade difficule by
the coz;lexity of the band system. Dissociation
rate constants for this spectral region are
obtained by calculating the transmittance
spectrun with s detatled wmodel of the cross
section that takes account of the profile of
every absorption lire and all continuum
absorption processes [Ackerzan et al., 1970;
Fang et al., 1974; Xockarts, 1976; Blake,
1979; Frederick and Hudson, 1580). Temperature
effects in the cross section are icportant and
they can be included explicitly in the
calculations [Ackerman et al., 1970; Kockarts,
1971, 1976; end Blake, 1979).

The cross sections that have been developed
for this purpose are based on data for
fundazental =molecular parsceters. Wavelengths
for the absorption lines can be calculated froam
the values for the vibrational energies, the
rotatiotal constants and the cultiplet splitting
constants. Exper{mentally determined Iine
positioncs can be used 1o many cases. Line
profiles are calculated by using dats for the
bend oscillator strengths vith the appropriate
Bonl-loodoa factors and data for the pre-
dissociation line widths. Various sexiempirical
codels have been used by different authors for
the underlying Schumann-Runge and H.rzberg
ccatinua.

The eccuracy of the model cross sections {s
licited by the errors {n the laboratory dats that
are used. There are, for exazple, significant
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discrepancies between the various measurezeats of
the band oscillator strengths, and not all =zodels
have included the rotational dependence of these
quantities [Gles et al., 1981). Ancther
uncertainty in the higher bands arises froz the
presence of perturbations snd unidentified lines
in the band system [Cles et al., 1981).

Tests of the accuracy of the cross section can
be wmade by perforeing a coovolution of the
computed transzittance spectrum vith the
{nstrunmental profile to sycthesise the result of
any experimental ceasurement [Blake, 1979}.
Solar spectra transmitted by the atmosghere to
various altitudes have been recorded froz rockets
and balloons [Longzire et al., 1979; Frederick et
al., 1981, Hall, 1981). These spectra provide an
excellent test of the creoss sections used in
aeronomic calculations.

Frederick et al. ([1981] reported =such a
cozparison with the{r measurezants of atzospheric
transmfttance in the region of the lower
Schumann-Runge bands that were made frez a
balloon at altitudes up to 3% Xz with a
resolution of 0.3 om. The purpose of this ;zrer
is to demonstrate the detailed accuracy of a
model cross section by co=parison of tre
calculated atzospheric transzittance with a
ceasurement of the spectrum at 85 k= by
Longzire et al. [1979] wusing a rocket-borne
spectrograph with & wavelength resolution (FwiM)
of 0.012 nm. The value of such a cozparison has
been pofnted out >y Kockarts [1981].

Calculaticns of the Traosmittance

The model for the absorption cross secticn Iin
the Schusann-Runge bands used to calculate the
transcittance spectrun was sizilar to the cne
reported by Blake [1979]). The 1line positions
were calculated by using data for =colecular
constants and in the spectral reglon concerred
here the calculated positions agree with thcse
obtained from spectroscopic measurements to 4&n
accuracy better tham 0.001 no. 1line streagths
wvere obtained from the rotationally dependent
band oscillator strength data of Gles et al.
[1981) and f{intermediate coupling Honl-london
factors. Each line was assuned to have a Voigt
profile snd the predissociation linewvidths of
Gles et al. [1981) were used in cocputing the
profile. The <cross section was cocputed at
frrervals of 0.002 nm. At each wavelezgth the
coatributions from all absorption lines with
centers within 200 cm™! of that vavelergth were
suzoed. Absorptfon in the Ferzberg coatizuuz was
calculated wvith the codel used by Blake {1979]
and the model for the Schucann-Runge cortinuus
for the region of the higher bands develcojped by
Gles et al. [1982] was used.

Calculations of the transzittance spe:tv
85 k= were made by aprroxizsatinrg the atzos
sabove 85 m to a single !sothermal lzver a-
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! Fig. 1. (a) Apparent transmittance of the atwmosphere at 85 ka along a line with zeanith
- angle 53.6°, reproduced from Figure 1 of longcire et al. {1979}; (b) and (c) are transmittance
- spectra {n the (8-0) and (9-0) Schumann-Runge bands of oxygen cslculated from a codel
j‘ abscorption cross section and measured in the laboratory, respectively. Both (b) and (¢)
X cog'esoqnd to an instrumental bandwidth of 0.012 nm. and an oxygen column density of 2.0 x
X -, 10°7 ¢z’ at 8 tecperature of 190°K.
" cozputing the cross section for the appropriate conditions which simulate those {n the atmosphere
ot tezperature. A single layer {s adequate at this above 85 km. The measurecents were made by using
» altitude because the atzospheric tezperature does a 6.7m vacuua wonochromator with slit widths
:-_ not change stignificantly for eore than & scale adjusted to give & wavelength resolution of 0.012 .
< hefght above 85 kz. The calculations were made nn the same as that of the spectrograph used by
v for a sclar renith sngle of 54°, correspounding to Longmire et al. An absorption cell with a length .
the conditions under which the spectrum of of 1 ca was cooled by using 8 cryogenic liquid . N
- Longmire et al.[1979] was recorded. [Gles et al., 1981] 4snd the transmittance f’
*j Computed transmittsnce spectra for seversl specttum was recorded for wseveral different -
::- different values of tezperature and vertical values of the sacple ges pressure and 1
. colu=n density were coanvoluted with s Gaussian texperature. -8
- profile wvith a width at half height of 0.012 o =y
w to obtain spectra that could be compared directly Discussion "o
sith the atmospheric spectruc. The spectrus The resolutfoa of the spectrum of longrire et i
repaorted by Llongzire et al. and s cowmputed 1 v th 3y
- spectruz in the region of the (8-0) and (9-0) al. is high enough to partly resolve e S
r- bands are shown in Flgures ‘a and b rotations]l structure of the (8-0) and (9-0) =
rescectively. baods, and it thus provides a test of the abilicy N
. " of the w@odel cross section to reproduce this )
a Laboratory Measurements structure. 1t is particularly fmportant that such ~
- s test e¢hould be wade becsuse the distribution of -]
- Also shown, in Figure lc, (s & transmittance absorption rate with altitude depends strongly on .
speztruc  weasured in  the labdaratory under nge fine structure of the cross section, rather o
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